ABSTRACT The skip-stop operating mode for urban rail transit systems defines three types of stations: A, B, and AB stations. In this strategy, all the trains stop at AB stations, and A (B) trains stop at only A (B) stations. Skipping some stops can increase the operating speed, which leads to direct benefits by reducing the in-vehicle time for passengers and improving the operational efficiency for operators. With the skip-stop mode, passengers have to transfer at an AB station when the trains they take do not stop at their destination, and the extra transfer waiting time depends on the AB station distribution and the corresponding headways. In this paper, we develop a train scheduling optimization model to minimize the total passenger travel time so that passengers can get to their destinations faster without experiencing excessive transfer waiting times. A two-phase approach based on a genetic algorithm is developed to solve this mixed-integer nonlinear problem. Finally, the proposed train scheduling optimization model is applied to an idealized corridor and a real-world scenario based on Line 6 of the Beijing URT network. An analysis of the type of scenarios in which skip-stop operations are applicable and the efficiency of different types of trips is presented. The results show that a short headway (below 5-6 min) is favorable for a skip-stop operation and there needs to be at least one AB station for every five stations. The average travel time per passenger can be reduced by more than 1 min for the Beijing scenario under the optimized skip-stop operation.
I. INTRODUCTION
Due to the advantages of high reliability and large capacity, urban rail transit (URT) systems are attractive to the public and the backbone of modern transportation services, especially for large cities such as Beijing and Shanghai.
Generally, the trains are often served by stopping at every station along the route of the URT system, which is considered to be convenient and stable by transit patrons. However, this type of stopping pattern is often accompanied by poor service, especially for lines with many long/medium trips. As the network scale and energy consumption of URT systems expand, some special stop modes, such as zonal service, express/local service and skip-stop service, have appeared
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in the operation of URT systems to increase the operating speed [1] .
In most of China's URT systems, 2-track lines and 2-track stations with restrictions on overtaking are common. In these cases, skip-stop operation is a reasonable alternative and has been successfully implemented in the railway system of Santiago, Chile [2] . As Fig. 1 shows, under the skip-stop mode, normally referred to as A/B skip-stop express service, there are two types of trains: A trains stop at stations labeled ''A'' and ''AB'', and B trains stop at stations labeled ''B'' and ''AB''. Thus, both A and B trains operate as express trains by skipping some stops.
Since the trains stop less in the skip-stop mode, which means that there is less dwell time, there is less additional acceleration and deceleration time, and the in-vehicle time is reduced compared to that in the standard stop mode. In addition, the energy consumption related to train traction is reduced. However, there is one obvious disadvantage of the skip-stop mode: for trips from an A station to a B station, passengers need to switch from an A train to a B train, and some passengers may even have to go backward if there is no AB station between the origin and destination, such as trips from the A station to the B station with the station placements of A, B, AB, A 1 , B 1 . . . [3] .
Thus, in this paper, we explore the optimized train scheduling and quantify the operational time-saving benefits for all the trips with skip-stop operation in URT systems. However, the calculation of the travel time becomes more difficult if the skip-stop mode is used. First, the first-arriving train type, variable headways at each station, and waiting time are highly interrelated under the new mode, all of which complicate the calculation of the waiting time for all trips. Second, transfers between an A train and a B train are inevitable due to the introduction of the skip-stop mode, and the uncertain transfer stops for these trips make it difficult to calculate the in-vehicle time and transfer waiting time. As is well known, the stopping pattern and headways are the decision variables in this paper.
First, we aim to reveal the relationship between the train schedule and the travel time under the skip-stop operating mode, and then we propose a better solution that leads to minimal travel times for all the passengers based on the analysis of the travel choices for different OD (origin-destination) cases. The framework of the approach to the time schedule optimization process is described as follows: the railway network information, train parameters and passenger demand are treated as inputs; the stopping pattern and headway at the start terminal are the outputs according to the limitations of the headway constraints when no overtaking is allowed, the train number constraints, and the AB station density constraints. Then, we propose a two-phase method based on a genetic algorithm (GA) to search for a satisfactory solution. Finally, taking an idealized corridor and the Beijing URT Line 6 as numerical examples, we compare the skip-stop mode and standard stop mode for each travel time composition for different OD cases and discuss the application and effectiveness of implementing the skip-stop mode.
The remainder of this paper is organized as follows. Section 2 reviews the recent relevant literature. Section 3 gives the description of the proposed problem, including the main assumptions, and the notation of the variables and parameters. Section 4 models the total travel time objective in detail and studies the constraints. In Section 5, a two-phase method based on a GA is designed to address the proposed model. Section 6 describes numerical experiments to demonstrate the effectiveness of the proposed model for skip-stop operation. Finally, our conclusions and future work are presented in Section 7.
II. LITERATURE REVIEW A. A/B SKIP-STOP SERVICE
Huang et al. [4] proposed a skip-stop pattern optimization method for both directions of a bus service with an A/B skip-stop strategy and applied a heuristic genetic algorithm to solve the problem and minimize the average passenger travel time. Chen et al. [5] formulated a bus scheduling problem aiming to minimize the total costs for the both passengers and operating agencies, as well as to reduce the bus emissions. Regarding URT systems, Vuchic [1] , [6] , [7] provided many guidelines for the distribution of A, B and AB stations and the effects of skip-stop operation, such as having as few consecutive A-B station pairs as possible to minimize the number of trips that need to be traveled in reverse. Freyss et al. [8] applied a continuous approximation method (for a description of the methodology and the logistics applications, see [9] ) to find a set of optimal and geographically dependent continuous parameters, such as the density of stations for a given line. Gu et al. [10] expanded the continuous models in [8] and [11] , with the aim to minimize the generalized cost of skip-stop and express/local transit service for idealized corridors, and a broader set of design variables was developed, such as arbitrary stop spacing and vehicle headways, arbitrary numbers of skip-stop routes and more realistic route choices.
B. FLEXIBLE SKIP-STOP SERVICE
In addition, more works studied the optimization problem of the flexible skip-stop approach, where skip-stop stations for each train are not fixed but rather are optimized to accommodate the passenger demand. For example, Wang et al. [12] proposed a bilevel optimization approach to solve the train scheduling problem of a skip-stop operation with the aim of minimizing both the total passenger travel time and the energy consumption of the trains. Zhang et al. [13] proposed a skip-stop strategy to minimize the total travel time while serving the maximum number of passengers in off-peak hours. Niu et al. [14] optimized a train schedule based on predetermined skip-stop patterns and time-varying passenger demand. Yang et al. [15] optimized train scheduling and train stop planning collaboratively on a high-speed railway corridor. Parbo et al. [16] formulated a bilevel optimization problem that identified the optimal stopping patterns while considering the passenger response behavior after stops were skipped. Altazin et al. [17] attempted to minimize the recovery time after disturbances by using skipped stops. Shang et al. [18] studied the skipped stop schedule optimization problem in an oversaturated URT network from the perspective of passenger equity. VOLUME 7, 2019 These previous studies have contributed to a profound understanding of the effectiveness and applications of the skip-stop operation. However, little prior work has studied the train schedule optimization with A/B skip-stop express service for a URT system. Only a few studies have been conducted by constructing continuous approximation models based on idealized corridors [8] - [11] . These studies have provided guidelines for transit-system design and planning for transit agencies but have overlooked physical and passenger demand features.
Thus, to implement skip-stop operations, we need a clear methodology to determine the optimized train schedule and the cost-benefit compared with the standard all-stop operation, which motivated us to investigate the travel time under the skip-stop operation mode.
III. PROBLEM DESCRIPTION
In this paper, we consider the train scheduling problem of a skip-stop operation for a URT line with 2 tracks. As shown in Fig. 2(a) , in the upward direction for the line, the stations are numbered as 1, 2, . . . , m sequentially, where 1 and m denote the start terminal and the return terminal, respectively. As shown in Fig. 2(b) , an A train and a B train alternately depart from the start station at the same interval. In this paper, the running and dwell time of the trains are predetermined, allowing for the formulation of simpler optimization models. As a result, the problem of designing a schedule with skip-stop operation for the rail line can be reduced to the simper problem of determining the stopping pattern for all the stations, that is, whether a station is an A, B or AB station, and the departure interval at the start terminal, h 0 . Then, we can compute the total cost involved with the skip-stop operation and compare it with a standard service.
A. NOTATIONS
All the relevant notations used in the formulations are listed in Table 1 . 
B. ASSUMPTIONS
The following assumptions hold throughout this paper:
1) The passenger flow is steady, and the arrival time of passengers at each station is uniformly distributed. Moreover, we assume that the passengers can always board the expected first-arriving train. In other words, overcrowding is not considered in this paper.
2) As mentioned above, the pure running time (without extra acceleration and deceleration time) between two consecutive stations is fixed and is independent of the stop pattern used (standard all-stop or skip-stop).
3) The dwell time and running time are consistent in the up and down directions.
4) The terminal stations will not be skipped by either train, that is, station 1 and station m must be AB stations.
5) Considering the inconvenience of transferring, we assume that passengers will choose a train that stops at both the origin and destination directly and will transfer only when there is no direct train.
6) The transfer passengers are assumed to transfer at the nearest AB station after their origin station and then wait for the other type of train that can take them to the destination directly.
7) To ensure the service level of the transfer passengers, we assume there is at least one AB station every δ stations to facilitate the transfers between different trains, and δ is a predetermined parameter.
8) The timetables of A trains are parallel with a fixed time interval, 2h 0 , at any station and are the same for the timetables of B trains. Thus, we need only to optimize the train schedule during the horizon [0, 2h 0 ].
IV. MODEL FORMULATION A. OBJECTIVE: MINIMIZE TRAVEL TIME 1) TRIP CLASSIFICATION-BASED ROUTE CHOICES
Distinct from an all-stop mode in which there is no choice of trains required, the method of computing the passenger travel time for the skip-stop mode varies depending on the type of trip taken by the passenger. The trip types and the passenger choice behavior in a skip-stop mode are presented in Fig. 3 . Case 1: From an AB to an AB station, all passengers take the first-arriving train.
Case 2: From an A station to another A station or from an AB station to an A station and vice versa, all passengers take the first A train.
Case 3: From a B station to another B station or from a B station to an AB station and vice versa, again for these trips, all passengers take the first B train directly.
Case 4: From an A station to a B station, the passengers take the first-arriving A train and then transfer to the subsequent B train at an AB station. Case 5: From a B station to an A station, these passengers will take a first B train and then transfer to the subsequent A train at an AB station.
The basic functions for the variables required in the model formulation in Section 4.1.2 are introduced as follows:
a: PASSENGER DEMAND IN EACH CASE
For a fixed passenger flow from station i to station j, the proportion of trips of cases 1, 2, 3, 4 and 5 can be calculated as follows:
where P caseb ij is the proportion of trips in case b from station i to station j.
It can be easily verified that these five proportions add up to one, and the trip case for each OD depends on the stopping indexes for the originating station and destination station. Hereinafter, the subindex b will be used to reference each trip case. assuming the same running time at each railway link.
b: STOPPING TIME WHEN TRAINS DWELL AT A STATION
Thus, we can determine the departure interval, h AB d,i , recursively from the first station step by step by using the arrival interval, h AB a,1 , at the first station (equal to h 0 , the same as the departure interval) and the stopping time gap between a B train and an A train running from station 1 to station i, that is,
Similarly, the interval between a B train and a consecutive A train can be calculated as follows:
The headways in Eq. (4) We use P i,B and P i,A to represent the probability of the first-arriving train being a B train or an A train, respectively, when the passengers wait at station i. Considering the assumption of a uniform arrival distribution, it can be concluded that these two variables depend on the departure interval between two consecutive trains at origin i, which can be expressed as follows: , as shown in Eq. (7), which is the basic formula for the time analysis for all the trip cases below.
T case b ij
Note that we consider the train schedule optimization of only the upward direction in this study. The method for the downward direction is similar.
Case 1: Trips from an AB station to an AB station In this case, the passengers can travel to the destination station directly by either an A train or a B train; thus, they are assumed to take the first-arriving train.
As proposed by Clarke [19] and Wang et al. [20] , the waiting time is assumed to be approximately one-half of the departure interval. Thus, the average waiting time for the first-arriving B train is In this case, a B train is the only choice for traveling to the destination without a transfer. There are also two possibilities for the calculation of the waiting time as in case 1; the only difference is that when the first-arriving train is an unsuitable A train, the passengers must continue to wait for the subsequent B train; thus, the average waiting time is WT case2
In addition, the calculation methods for the in-vehicle time and running time are similar those of case 1. Then, the travel time in case 2, T case2 ij , can be calculated as follows: In this case, the passengers will take an A train directly. The calculation method is similar to that in case 2; thus, the travel time in case 3, T case3 ij , can be calculated as follows:
Case 4: Trips from an A station to a B station Because there is no train that will stop at both the origin and destination, the passengers must take an A train and then transfer to a subsequent B train at an AB station in this case. Determining the position of the AB station can be divided into two subcases as follows:
Subcase 1: There is at least one AB station between the origin and destination, and the passengers will transfer at the first AB station on the route to the destination according to the assumption stated previously. Fig. 7(a) illustrates the transfer route for this subcase.
Subcase 2: There is no AB station between the origin and destination, and these passengers will have to transfer to a train traveling in the opposite direction, as shown in Fig. 7(b) . According to the corresponding travel routes, the relevant time involved in this case can be divided into the times faced by the transferring passengers, which include the waiting time for an A train (WT case4 ij,A ), the time in an A train (IT case4 ij,A ), the waiting time for a B train at the transfer station (T case4 ij,tra ), and the time in a B train (IT case4 ij,B ), among which WT case4 ij,A = h 0 . First, we use station (i + n) to indicate the first AB station for the passengers traveling to their destinations from station i to station j. As shown in Fig. 8 As shown in Fig. 9 , IT case4 ij,A is also the time from station i to station(i+n) in the A train in subcase (1). However, the transfer time for the B train is the arrival interval between the A train and the subsequent B train in the opposite direction, which depends on the time schedule of the downward direction that has no direct relationship with that of the upward direction. For simplification, we use the average waiting time for the same type of train as a substitute, i.e., T case4 ij,tra = h 0 . In addition, the time in the B train equals the time interval from station (i + n) to station j in the opposite direction. Considering the identical stopping and running times for both directions, IT case4 ij,B can be calculated as Then, we need to study how to determine the value of n, which is uncertain under a variable stopping pattern. There is a constraint that there must be at least one AB station for every δ stations. In other words, there must be at least one AB station among the (δ − 1) stations behind the origin station i because station i is skipped by A trains. Moreover, there are (m−i) stations on the route to the terminal station, m, which is AB station. Thus, the maximum value of n is used to indicate the location of the station where the passengers may transfer, which is min{δ −1, m−i} stations behind the origin station, i.
In addition, transferring at station (i + n) means that the stations from i to (i + n−1) are skipped by either an A train or a B train and therefore are not AB stations. Thus, the probability of transferring at station (i + n), represented as P i+n in this paper, can be calculated as:
Therefore, the travel time in case 4, T case4 ij , can be calculated as follows: To cope with the resource and budget constraints, the total fleet required to operate a designated mode is subject to a predefined upper bound of the available number of trains, which is also identical to that in an all-stop pattern. The cycle time for train k, d k can be calculated as , which should not exceed the available number N max , as illustrated in Eq. (14) .
2
) HEADWAY CONSTRAINTS
Since overtaking is not permitted on URT lines, the headway between any train and its consecutive train is limited to the minimum headway, h min , which depends on technical and safety factors. As mentioned regarding Eqs. The headway constraints between a B train and a consecutive A train at station i are
where h AB a,1 = h BA a,1 = h 0 .
3) DENSITY OF AB STATIONS
As per assumption (6), there should be at least one AB station for every δ stations; the main reason is that the AB stations are transfer stops for cases 4 and 5, and it would be very inconvenient for passengers of both cases if there were too few AB stations. Generally, δ is predetermined by management regulations. Thus, for a skip-stop operation, the density of AB stations is limited by δ, that is,
4) OTHER CONSTRAINTS
In addition, all stations must be visited (Eq. 18), and the stopping index is a binary variable (Eq. 19).
There are a number of constrained headways at each station along the URT line in the above model. Fortunately, they are related only to the headway at the start terminal, h 0 , and the stopping indexes for all the stations. To improve the convergence speed, a two-phase method based on a GA is presented here to solve the train scheduling model. Fig. 10 illustrates the flowchart of the two-phase method. The first phase of the method is to optimize the stopping pattern using the GA, while the second phase is to find the optimal headway at the start terminal, h 0 , based on the constraint of the number of trains; then, the headways at the other stations can be calculated because of the boundary constraints in Eqs. (2) (3) (4) (5) . As a result, the evaluation of solutions in the first level should consider not only the stopping pattern but also the headways that depend on the solutions of the second phase. The optimal solution in the second level is fed back to the first level to calculate the objective function, which then completes the evaluation of the candidate solutions of the first level.
The details of the GA will be introduced here. A GA is a stochastic optimization procedure that is widely applied to schedule optimization in different perspectives [21] - [26] ; it is a powerful tool used to solve nonlinear mixed-integer programming problems, especially the binary stopping problem in the first level of this paper. The main steps of a GA to solve the proposed model are as follows.
A. STEP 1: POPULATION INITIALIZATION
The stopping indexes of A trains and B trains are chosen as the genes for the chromosomes in the GA. A chromosome represents a solution, and each vector forms a chromosome. Fig. 11 presents the binary-coded chromosome, which is divided into two parts. The first part, from 1 to m, represents the stopping indexes for an A train, and the remaining genes from gene (m + 1)-th to gene 2m-th represent the stopping indexes for a B train. In addition, the gene value of position 1, m, (m + 1) and 2m are input as 1 because these stations represent the terminal stations where all the trains stop to turn back.
• Set the initial GA parameters: population size, N; initial generation, g = 1; and the maximum number of generations, G.
B. STEP 2: GENETIC OPERATORS
The genetic operators of selection, crossover, and mutation are applied to breed new individuals for the next generation.
• Selection: Calculate the fitness values and select the chromosomes by adopting the roulette wheel regulation.
• Cross over Carry out single-point crossover with a probability of p c .
• Mutation operator Randomly select the chromosomes to mutate in the population with the mutation probability of p m ; the chosen part will change its value from 1 to 0, or vice versa.
C. STEP 3: OBJECTIVE VALUE UPDATE
• Based on the stopping pattern in Step 2, update the headway at the start station.
• Calculate the headway at the other stations and then update the objective value.
D. Step 4: Algorithm termination
• Update g = g + 1.
• If g = G, stop; otherwise, return to Step 2.
VI. NUMERICAL EXPERIMENTS
This section examines the proposed model and algorithm in different experiments. In Section 6.1, a basic case for an idealized line is adopted to demonstrate the basic features of the station distribution in a skip-stop mode operation. In Section 6.2, a real case based on Line 6 of the Beijing URT network is used to illustrate the optimization results of the proposed model with real-word AFC data. Both experiments are carried out using MATLAB 2015b on a PC with a 2.2-GHz CPU and 8 GB of RAM.
A. BASIC EXPERIMENTS FOR AN IDEALIZED CORRIDOR
In this section, we initially use a simple example to illustrate the optimization of a skip-stop pattern in an idealized corridor with 20 stations. All the stations have the same number of passengers coming from any other specific station, i.e., the demands are the same for all OD pairs in this case. In addition, the stopping (running) time remains the same for all the stations (links), and the minimum time interval is 1.5 min.
The new fleet size corresponds to a headway of 3 min in a standard operation; i.e., h 0 = 3, the maximum density of AB stations, δ, is 6, and the turn-back time at the terminal stations is 2 min. The parameter settings for the GA are the population size, N = 300; probability of crossover, p c = 0.9; probability of mutation, p m = 0.1; and number of generations, 500. Fig. 12 illustrates the optimized stopping pattern in this experiment. The optimized stop distribution for this basic experiment is found to be imbalanced, and the density of the AB stations ranges from 2 to 5, although it is determined using the identical OD demand, running time, and stopping time. Furthermore, the stations located at the terminal segments of the line are AB stations where all the trains stop (e.g., station 1 to station 3 and station 17 to station 20 in Fig. 12 ). It can be intuitively explained that these stations tend to be the origins or destinations of long-distance trips, and fewer overall benefits can be gained when they are skipped.
In addition, the GA has a better convergence in solving the proposed model, and the progressively stabilized optimization results are shown in Fig. 13 . The algorithm stops when the time saved per person reaches approximately 0.69 min, and it remains stable when the number of generations is less than approximately 100.
B. EXPERIMENTS FOR LINE 6 IN THE BEIJING URT SYSTEM
This section tests the proposed model and algorithm for Line 6 of the Beijing URT network to demonstrate the optimization results of the proposed model with a skip-stop operation.
1) NETWORK DESCRIPTION
Line 6 is an east-west corridor for the Beijing URT system, connecting the eastern suburbs and the urban center. As shown in Fig. 14 , Line 6 comprises 25 stations and runs from the ''HDW'' station to the ''LC'' station, which are numbered from 1 to 25. In the experiment, we set the direction from 1 to 25 as the upward direction.
In this case, the passenger volume data obtained from the smart card AFC system during the off-peak periods (10:00-11:00) in May 2018 are used as the basis for the optimization, and the volume data include not only the entering and exiting demand on this line but also the data of passengers passing through this line based on the path-choice estimation as stated in [27] . In the paper, there is a 25×25 matrix with a total passenger demand of 14,334 in the upward direction; it is not listed due to space limitations. In addition, the number of trains corresponds to a headway of 5 min in a standard operation. The dwell time and running time for Line 6 are reported in Table 2 . t a&d i is set to 0.5 min in reference to [28] , allowing for the calculation of a simpler case, and the rest of the parameters remain the same in all test cases presented in Section 6.
2) OPTIMIZATION RESULTS
We carry out the experiments, and the results show that the time savings reach a peak of 15,437 min when the optimized departure interval corresponds to 4.5 min. The optimized stopping pattern is shown in Fig. 15 , in which there are 12 stations skipped by A trains and B trains. Similar to the above experiment, the majority of stations at the terminal segments are AB stations, and the density of AB stations is uneven, ranging from 2 to 5.
In comparison with the standard all-stop pattern, the departure interval at the start station is shortened from 5 min to 4.5 min, and the average time saved per person is Table 3 . The trips from an AB station to an AB station in case 1 save the most time, reaching 3.42 min/prs, and the time for trips in cases 4 and 5 obviously increases. However, when we consider the percentage of each case under the skip-stop mode, as shown in Fig. 16 , the proportion of passengers in cases 1, 2 or 3 under the optimized skip-stop mode is approximately 87.4%, and the proportion in cases 4 or 5 is only 12.6%. Therefore, the optimized skip-stopping pattern can save time for nearly 90% of the passengers, which improves the system-wide time-saving performance in the urban rail transit network with an average value of 1.07 min/prs. Therefore, in the Line 6 case study, the skip-stop mode can be an effective strategy for reducing the passenger time during the off-peak periods.
Furthermore, we analyze the different time compositions for each case as shown in Fig. 17 . The in-vehicle time for all trips can be reduced by skipping stops, and the savings in cases 4 and 5 are obviously less than those in other cases due to the opposite travel routes, such as the OD pairs between stations 15 and 18 in Fig. 15 . In addition, the waiting time for all trips increases, except for the trips in case 1 because the passengers in case 1 can take any arriving train, and the departure interval is shortened under the new mode. In addition, the waiting time for cases 2 and 3 is increased due to the increased waiting time for either an A train or a B train, and the waiting time for cases 4 and 5 is increased greatly due to the waiting time for another train at the transfer stop. With the help of screens, announcements and especially personal digital devices, passengers can obtain the required information, adapt to the skip-stop mode and incur a shorter waiting time.
Therefore, the stopping pattern and the departure interval for A/B skip-stop trains directly affects the trip distribution and the corresponding time composition. Hence, the efficiency performance under the skip-stop mode is a trade-off between the time savings for the direct trips in cases 1 to 3 and the time increases for the transfer trips in cases 4 and 5, as well as the balance between the waiting time increase and the in-vehicle time decrease. 
3) SENSITIVITY ANALYSIS ON THE DEPARTURE INTERVAL AT THE START STATION
In this section, we perform additional tests to examine the impact of the departure interval, h 0 , at the start terminal without the constraint on the number of trains in Eq. (14) . We fix the departure interval of consecutive trains from 3 to 8, plus one, and then solve the model in the paper.
As shown in Fig. 18 , with the increase in the departure interval, the travel time savings obviously decrease, which can be explained by more waiting time being required under the skip-stop mode; thus, the number of skipped stops is adjusted to avoid longer waiting times at A or B stations. Furthermore, we conclude that the skip-stop mode should be applied during periods when the headway is short (less than five to six min), as stated by Vuchic [7] .
VII. CONCLUSION
Skip-stop operation is a basic and effective mode to improve the operating speed of URT systems that do not have overtaking rail tracks. This paper proposed a train scheduling optimization model to minimize the total travel time of a skip-stop operation. The model showed the details of the time calculation methods for each OD trip case. The first-arriving train and travel routes for transfer trips were also considered in the model. A two-phase approach based on a GA was developed to search for a feasible optimal solution for this optimization problem.
Then, we implemented the skip-stop mode in two different scenarios. The optimum density of AB stations was found to range from 2 to 5 and was dependent on the detailed operational parameters and the OD demand. The stations at the terminal segments of the line tended to be AB stops due to the large probability that they were the origin or destination nodes of long trips. A short headway (less than five to six min) was found to be more favorable for skip-stop operations. The average travel time per passenger was reduced by 1.07 min in the Beijing scenario, and the time savings diminished in large part due to the increased waiting time under the skip-stop mode.
It should be noted that this paper investigated only the stopping pattern and headway optimization for the skip-stop operation. In future work, a cost-benefit analysis should be performed based on detailed time-space analyses of the train trajectories (including realistic dwell times, acceleration and deceleration times, and door-opening times). In addition, the integration of dynamic passenger flows and energy consumption into the model is worth further study.
